ABSTRACT Temperature-dependent lowfield proton magnetic resonance spectra of yeast tRNAPhe were recorded between 10 and 15 parts per million. Seven resonances of hydrogen-bonded protons disappeared reversibly under two sets of conditions where the selective broadening of tertiary structure resonances was predicted by temperature jump experiments. The seven resonances were assigned to the seven tertiary hydrogen bonds expected between 10 and 15 parts per million from the crystal structure of yeast tRNAPhe. Some of the nonWatson-Crick base pairs have unusual unshifted standard chemical shifts after the ring current contributions calculated from the crystal coordinates were subtracted. The differences of the chemical shifts of homologous tertiary structure base pairs in Escherichia coli tRNAfMet and yeast tRNAPhe give experimental evidence for details of the conformational differences postulated by model building on the basis of the x-ray coordinates of yeast tRNAPhe and sequence homologies. Considerable effort has been dedicated to the assignment of the high-resolution nuclear magnetic resonance (NMR) spectra of the hydrogen-bonded ring NH protons in tRNA (1). For the assignment of secondary structure base pairs, experiments with tRNA fragments (1), sequential melting (2, 3), and semiempirical ring current calculations (1) have been performed. Subsequently, some resonances were postulated for tertiary structure since more resonances were experimentally found than could be accounted for by the clover-leaf secondary structure (2, (4) (5) (6) (7) (8) (9) . Two resonances in several Escherichia coli tRNAs were assigned to tertiary structure base pairs by chemical modification (4, 7, 10, 11) or by comparison of isoacceptor tRNAs (12). In addition, tentative assignments of two common tertiary structure resonances in bulk yeast tRNA and E. coli tRNA (13) and two tertiary structure resonances in E. coli tRNAfMet, have been proposed (7).
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We determined the complete NMR spectrum of the hydrogen-bonded ring NH proton resonances due to the tertiary structure of yeast tRNAPhe by sequential melting, combining NMR and temperature jump measurements. Yeast tRNAPhe seemed most appropriate for our study because its x-ray crystal structure is known (14, 15) and because detailed thermodynamic and kinetic data of its tertiary and secondary structures in solution were available (16) (17) (18) (19) . These results allowed us to choose conditions where tertiary structure resonances broadened selectively, leaving secondary structure resonances virtually unchanged. On the basis of the experimental spectrum of tertiary resonances, a complete assignment to the base pairs of the crystal structure became possible. 
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MATERIALS AND METHODS Yeast tRNAPhe was purchased from Boehringer Mannheim.
Multivalent cations were removed as described (20) , except that CsCl was used in the elution buffers instead of NaCl. The tRNA contained less than one Mg2+ ion per molecule. The samples (0.21 ml) contained 1.8 mM tRNA, 19 mM phosphate, 21 mM K+, 1 mM EDTA, 210 mM CsCl, and NaCl as indicated (pH = 6.0). The change of the concentration of the free Cs by counterions released from the tRNA was estimated to be smaller than 40 mM (21) . Aggregation was prevented by chilling the sample from 80°to 0°and by not raising the temperature above 280 in the experiments without NaCl. The tRNA did not undergo irreversible alterations during the measurements, as checked by the NMR spectra, amino-acid-acceptor activity, and differential UV absorbance melting curves.
The NMR spectra were obtained on a Bruker HX 360 spectrometer operating in frequency sweep mode; 150-350 sweeps of 50 sec were accumulated. The resonance positions are given in parts per million (ppm) downfield from 2,2-dimethylsilapentane-5-sulfonate as an internal standard. For comparing spectra, the small temperature dependence of the chemical shifts at different temperatures was compensated by shifting the spectrum at the higher temperature downfield by 1 Hz (2.8 X 10-3 ppm) per centigrade of temperature difference.
RESULTS

Spectrum of tertiary structure resonances
The low-temperature spectra of yeast tRNAPhe in Cs (Fig. 1) and Na (22) look qualitatively similar, except for some small shifts, especially in the peaks at 13.8 and 13.3 ppm. These peaks seem more split up in Cs than in Na, e.g., a part of the peak at 13.8 is shifted downfield in Cs, increasing the intensity of the peak at 14.2 ppm.
We observed irreversible changes of the spectrum at 160 after heating the sample above 30°in 0.21 M CsCI without NaCl. These changes of the NMR spectra at 160 are probably due to aggregation after unfolding of the tertiary structure, whose transition midpoint under our conditions is at about 300. In the spectrum shown in Fig. 1 at 240 , the NMR resonances of the tertiary structure were broadened below the transition midpoint of the tertiary structure by a lower life time of the hydrogen bonds (see Fig. 2 ). Under these conditions the spectrum at 160 was virtually the same before and after measurement of the spectrum at 240, as shown by the bottom difference spectrum of Fig. 1 , i.e., no irreversible changes occurred during the experiment. Hence, the peaks in the difference spectrum between 160 and 240 ( Fig. 1, third (16) . Extrapolation of the relaxation times from high temperatures shows that at 230 the life time of tertiary structure equals (7rbv)-l = 8 msec (6v is the line width as evaluated from the best resolved peak at 9.9 ppm). At that temperature, broadening of the corresponding base-paired proton resonances is expected (3). We conclude that the difference spectrum between 16°and 240 represents life-time broadening of the tertiary structure resonances. Secondary structure resonances are expected to disappear at higher temperatures (t > 300), as can be extrapolated from earlier kinetic experiments (17) (18) (19) that were similar to those demonstrated above for tertiary structure.
For quantitative evaluation of the difference spectrum between 160 and 240, the intensity corresponding to one hydrogen-bonded proton was determined from the area of the resonance at 9.9 ppm in the total spectra at 16°and 24° (Fig. 1) (14, 15) . The chemical shift of the secondary structure resonances of tRNA can be predicted within ±0.2 ppm from semiempirical ring current calculations, and the unshifted standard positions of A-U and G-C base pairs (1). For the tertiary structure base pairs, however, many more standard positions would be needed since most of them are not of the familiar Watson-Crick type and their unshifted standard positions cannot be predicted accurately enough for a detailed assignment (see below). In order to avoid this problem, our detailed assignments are based on comparisons of experimental data on the same type of base pairs in different tRNA species. Ring current calculations are then used to account for the differences of the local stacking pattern in the different tRNAs. tRNAs of the same class are used for the comparisons. Their tertiary structures probably are very similar, as was postulated from the sequence homologies at the nucleotides involved in tertiary structure (25, 26) . The ring current calculations include the atomic contributions to the anisotropy of the diamagnetic susceptibility (27) . The coordinates of yeast tRNAPhe in the orthorhombic crystal form are used (28) . The hydrogen-bonded protons were assumed between acceptor and donor at 1 A from the donor. Their distance, z, from the adjacent stacking nucleotides varies somewhat from the 3.4 A assumed in the ring current shift data. These deviations were accounted for by interpolating according to the theoretical results for z = 3.4 and 6.8 A (30) , which yield approximately a Z2 dependence.
The resonance of the tertiary base pair U8-A14 has been located in several E. coli tRNAs at 14.3-14.4 ppm (7, 10, 11) . Since these tRNAs belong to the same class and the base pair has the same stacking environment (29) , we assign the resonance at 14.4 ppm to the U8-A14 base pair. The m7G47G23 base pair was found at 13.3 ppm in E. coli tRNAfMet, by comparison with E. coli tRNAfMet3. The stacking neighbors, however, are different in yeast tRNAPhe. A9 is stacked on the base pair instead of G9 in E. coli tRNAfMet, (26, 29) . A9 itself is involved in a tertiary base triple with the base pair U12-A23 of the hU stem, whereas G9 can form a similar triple with the homologous base pair G12*C24 in E. coli tRNAfMet1 (25, 26) . The positions of A9 and G9 are slightly different with respect to the hU stem and hence also with respect to the tertiary base triple m7G46-G22-C13 since G22-C13 is a part of the hU stem. Correspondingly, the m7G47-G23 resonance of E. coli tRNAfMet, at 13.3 ppm is calculated to be shifted upfield to 12.5 ppm in yeast tRNAPhe. Since we found only one tertiary resonance at 12.4 ppm in the whole range between 11.6 and 13.2 ppm, the assignment is obvious. In addition, the excellent agreement of calculated and experimental positions provides experimental evidence for the details of the conformational differences between tRNAs, like the displacement of residue 9 as predicted from model building. Without this displacement, the resonance would be expected at 12.8 instead of 12.4 ppm.
The assignments can be confirmed and extended by comparing our results with NMR resonances from early melting base pairs common to most tRNAs: three strong peaks in yeast and E. coli tRNAs at 13.8, 13.1, and 11.7 ppm and a weaker peak at 13.5 ppm in yeast tRNA only (13) . They coincide within 0.1 ppm with four of our five unassigned tertiary resonances. This very close agreement prompted us to extend and modify the original assignment of the early melting common resonances and to attribute all of them to tertiary structure. Our interpretation of the common resonances includes not only the frequency with which the tertiary structure base pairs occur in the tRNAs whose sequences are known (29) , but also the frequency of their critical stacking neighbors. We considered a stacking base as critical if its replacement by another one causes a change in ring current shift of more than 0.3 ppm. Furthermore, we also include the tertiary structure base pairs m G26-A44 and G18I55. In this way we find that three of our five unassigned tertiary structure base pairs (T54-A58, G19-C56, and G18-I55) can be formed with the same critical stacks in more than % of the yeast and E. coli tRNAs whose sequences are known, whereas the remaining two (G15-C48 and G26-A44) occur in less than MA. Consequently, we assign the strong common early melting resonances at 13.8, 13.1, and 11.7 ppm to T54-A58, G19-C56, and G18 455, respectively (Table 1) . G19-C56 is located at 13.1 ppm since it is a normal Watson-Crick G-C base pair which is expected at 13 ± 0.2 ppm (1). Except for two methyl substituents, T54-m'A58 is similar to U8-A14. They also have similar ring current shifts and hence should be in the same chemical shift range-around 14 ppm. This only leaves the common resonance at 11.7 for G18I55, which is expected at the high-field end and is similar to the G.U base pairs of secondary structure (4, 5) . The different original assignment of the strong common resonance at 11.7 ppm to the secondary structure base pair C13-G22 (13) seems unlikely since C18-G22 occurs with the same critical stacking neighbors in only 20% of the yeast tRNAs whose sequences are known.
One of the two unassigned peaks at 14.2 and 13.5 ppm coincides with the weak common early melting resonance at 13.5 ppm, which appears in yeast but not in E. coli tRNA. The G15.C48 base pair can be formed with the same critical stacking nucleotide U59 in 20 and 8% of the yeast and E. coli tRNAs, respectively, whose sequences are known, whereas the G26.A44 base pair can occur with equal frequency in yeast and E. coli tRNA. Consequently, G15-C48 is located at 13.5 ppm. This is strongly supported by the tentative assignment of G15*C48 at 12.9 ppm in E. coli tRNAGlU (2) and spin-labeled tRNAfMet on the basis of proximity arguments (7); in these two tRNAs the U59 stacked on G15.C48 in yeast tRNAPhe is replaced by the homologous A60. Without any further conformational change, the substitution would lead to a downfield shift of the resonance to 13.8 ppm in yeast tRNAPhe. Close inspection of the x-ray coordinates, however, shows that A60 has to be slightly bent away from G15*C48 since A60 is too large to be accomodated in the same position as U59. With G15-C48 and A60 assumed to be parallel at a distance of 3.4 A, G15-C48 would be expected at 13.3 ppm in yeast tRNAPhe. The 
